Abstract: Numerous studies suggest that interhemispheric inhibition-relayed via the corpus callosum-plays an important role in unilateral hand motions. Interestingly, transcallosal inhibition appears to be indicative of a strong laterality effect, where generally the dominant hemisphere exerts inhibition on the nondominant one. These effects have been largely identified through functional studies in adult populations, but links between motor performance and callosal structure (especially during sensitive periods of neurodevelopment) remain largely unknown. We therefore investigated correlations between Purdue Pegboard performance (a test of motor function) and local callosal thickness in 170 right-handed children and adolescents (mean age: 11.5 AE 3.4 years; range, 6-17 years). Better task performance with the right (dominant) hand was associated with greater callosal thickness in isthmus and posterior midbody. Task performance using both hands yielded smaller and less significant correlations in the same regions, while task performance using the left (nondominant) hand showed no significant correlations with callosal thickness. There were no significant interactions with age and sex. These links between motor performance and callosal structure may constitute the neural correlate of interhemispheric inhibition, which is thought to be necessary for fast and complex unilateral motions and to be biased towards the dominant hand. Hum Brain Mapp 00:000-000, 2012. V C 2012 Wiley-Periodicals, Inc.
INTRODUCTION
Over the last decades, there has been accumulating evidence that unilateral hand movements are accompanied by an inhibition of the ipsilateral hemisphere [Ferbert et al., 1992; Liepert et al., 2001; Meyer et al., 1998; Newton et al., 2005] . For example, applying Transcranial Magnetic Stimulation (TMS) to the motor cortex in the right hemisphere generates motor-evoked potentials and triggers movement of the left hand. Interestingly though, when the right hand is active in addition, the TMS-evoked amplitudes for the left hand are diminished [Ferbert et al., 1992; Liepert et al., 2001] . This effect has been interpreted as interhemispheric inhibition [Ferbert et al., 1992; Liepert et al., 2001; Meyer et al., 1998; Newton et al., 2005] . The magnitude of interhemispheric inhibition, however, seems to differ between dominant and nondominant hand, with stronger inhibition when subjects use the dominant rather than the nondominant hand [Netz et al., 1995; Newton et al., 2005; Vines et al., 2008] .
Interhemispheric inhibition appears to be relayed via the corpus callosum, as demonstrated in a callosal lesion study ]. In this study Meyer et al. instructed subjects to maximally contract their hand and measured the electromyography (EMG) activity. When, at the same time, TMS was applied to the ipsilateral motor cortex of the contracted hand, EMG activity was decreased. This effect, however, was only evident in healthy controls but not in patients with callosal lesions. With respect to the location of callosal fibers carrying hand motor information, Meyer's lesion study points to regions in the middle and posterior part of the callosum (i.e., the regions where patients had the callosal lesions). Consistent with this, recent DTI tractography studies located fibers interconnecting the primary motor cortices within the posterior half of the corpus callosum, in the isthmus and posterior midbody [Hofer and Frahm, 2006; Zarei et al., 2006] .
In general, interhemispheric inhibition is interpreted as suppressing potential influences from mirror movements mainly in the unused nondominant hand, which seems necessary to facilitate fast and complex unilateral motions of the dominant hand [Muller et al., 1997; Newton et al., 2005] . In support with this assumption, 71% of the patients with callosal lesions in the aforementioned lesion study by Meyer et al. [1998] showed abnormalities in fast and complex unilateral movements. Therefore, if ipsilateral inhibition is relayed via the corpus callosum, and if greater numbers of inhibitory fibers facilitate fast and complex unilateral motions, we may expect that unilateral hand motor performance (especially performance of the dominant hand) is positively correlated with the dimensions of the corpus callosum, at least in adults. Children and teenagers, however, may lack such a relationship as mirror movements still exist possibly due to the immaturity of transcallosal inhibitory fibers [Connolly and Stratton, 1968; Heinen et al., 1998; Muller et al., 1997] .
Here we aimed to investigate the link between callosal morphology and hand motor performance in the developing brain (i.e., in individuals between 6 and 17 years old). For this purpose, we used advanced surface-based meshmodeling methods to indicate the exact location of possible correlations between Purdue Pegboard performance scores and callosal thickness measures with an extremely high spatial resolution. To uncover possible differential effects in younger ( 11 years) and older cohorts (>11 years), we also separated the overall sample (n ¼ 170) into two subgroups (n 1 ¼ 85, n 2 ¼ 85) and tested for significant interactions with age. Last but not least, as callosal development seems to follow different trajectories and patterns in boys and girls [Luders et al., 2010] , we also tested for sex effects and interactions, using a balanced design of 85 boys and 85 girls.
MATERIALS AND METHODS

Subjects
The study included 170 subjects (85 males; 85 females) aged between 6 and 17 years (mean AE SD: 11.5 AE 3.4 years). All subjects were selected from a database compiled by the NIH MRI Study of Normal Brain Development [Evans, 2006] . To determine handedness (or hand preference), subjects were asked to perform eight different activities, modified from the Edinburgh Handedness Inventory [EHI; Oldfield, 1971] . Right-handed activities were rated with 1, left-handed activities were rated with 0. Subjects with total scores of <7 were classified as nonright-handed and excluded from the current sample. That is, our study deliberately assessed only strongly right-handed subjects.
For all of the 170 right-handed subjects, hand performance measures had been established using the Purdue Pegboard [Gardner and Broman, 1979] , where children were asked to place as many pegs as possible into the board within 30 s. This assessment yielded individual hand performance measures when using (a) the dominant hand (i.e., right hand; RH), (b) the nondominant hand (i.e., left hand; LH), and (c) both hands (BH) simultaneously. In addition, intelligence measures had been obtained using the Wechsler Abbreviated Scale of Intelligence [Wechsler, 1999] yielding full-scale intelligence (FS-IQ), performance intelligence (P-IQ), and verbal intelligence (V-IQ) scores as previously detailed [Luders et al., 2011] . Informed consent was obtained from parents and adolescents, and assents were obtained from the children. All protocols and procedures were approved by the relevant Institutional Review Board at each pediatric study center (Boston, Cincinnati, Houston, Los Angeles, Philadelphia, and St. Louis) and at each coordinating center [Evans, 2006] .
Image Acquisition
Images were obtained on 1.5 T systems from General Electric (GE) or Siemens Medical Systems (Siemens) using a 3D T1-weighted spoiled gradient recalled (SPGR) echo sequence with the following parameters: TR ¼ 22-25 ms, TE ¼ 10-11 ms, excitation pulse ¼ 30 , refocusing pulse ¼ 180 , orientation: sagittal; field of view: AP ¼ 256 mm; LR ¼ 160-180 mm (whole head coverage). The voxel size was set to 1 mm 3 , except on GE scanners, where the maximum number of slices was 124, and hence the slice thickness was increased to 1.5 mm in the sagittal plane [Evans, Evans, 2006) , where each scanner contributed between 13 and 21% of the subjects (scanner information for three subjects was missing).
Preprocessing
We applied automated radio-frequency bias field corrections to correct image volumes for intensity drifts caused by magnetic field inhomogeneities [Shattuck et al., 2001 ]. In addition, we placed all image volumes into the same standard space by co-registering them to the ICBM-152 template using automated 6-parameter rigid-body transformations [Woods et al., 1998 ]. That is, images were corrected for differences in brain position and orientation while preserving their native dimensions. The corpus callosum was then outlined automatically based on the Chan-Vese model for active contours [Chan and Vese, 2001 ] using the LONI pipeline processing environment [Dinov et al., 2009; Rex et al., 2003 ]. This resulted in two midsagittal callosal segments (i.e., the upper and lower callosal boundary) for each subject, as detailed elsewhere [Luders et al., 2006] . Subsequently, each callosal segment was overlaid onto the MR image from which it had been extracted and visually inspected to ensure that automatically generated callosal outlines precisely followed the natural course and boundaries of the corpus callosum. Contours that did not match this criterion were corrected manually by one rater (E.L.).
Callosal Thickness Measurements
To obtain highly localized measures of callosal thickness, anatomical surface-based mesh modeling methods were employed [Thompson et al., 1996a,b] . That is, the upper and lower callosal boundaries were re-sampled at regular intervals to render the discrete points comprising the boundaries spatially uniform. Then, a new segment (i.e., the medial core) was automatically created by calculating a spatial average 2D curve from 100 equidistant surface points representing the upper and lower callosal boundaries. Finally, the distances between 100 surface points of the medial core and the 100 corresponding surface points of both the upper and the lower callosal boundaries were computed. These regional distances indicate callosal thickness with a high spatial resolution (i.e., at 100 locations distributed evenly over the callosal surface).
Statistical Analyses
First, we investigated whether there is a link between hand performance and callosal size within the overall sample (n ¼ 170). For this purpose, we mapped the Pearson correlations at 100 equidistant surface points between callosal thickness and hand performance measures for the dominant hand, for the nondominant hand, and for both hands. In addition, we tested whether links between hand performance measures and callosal size were different between children and teenagers (Age Interaction) and between boys and girls (Sex interaction). For this purpose, we divided the overall sample (n ¼ 170) into two equally sized subgroups (n 1 ¼ 85; n 2 ¼ 85) each spanning six consecutive years of age. Subgroup 1 (children) contained subjects aged 6-11 years (41 boys; 44 girls) and subgroup 2 (teenagers) contained subjects aged 12-17 years (44 boys; 41 girls).
1 Subsequently, we analyzed whether callosal regions showed significant differences in the slopes of the regression lines pertaining to children and teenagers (Age Interaction) and pertaining to boys and girls (Sex Interaction). For all analyses, significance values and correlation coefficients were projected onto the group-averaged callosal surface models. Significance values were corrected for multiple comparisons using False Discovery Rate (FDR) thresholded at q ¼ 0.05 (Benjamini and Hochberg, 1995) . Correlation coefficients were color-coded according to Cohen (1992) with respect to effect sizes: small (r ! 0.1), medium (r ! 0.3), and large (r ! 0.5). Figure 1 (top panel), we revealed significant positive correlations between callosal thickness and hand performance measures. These associations were most pronounced within the callosal isthmus. More specifically, when exploring relationships with respect to the dominant hand (left panel), we detected significant and spatially extended positive correlations at the tip of the splenium, within the isthmus, and within the callosal posterior and anterior midbody (P ¼ 0.0193). Significant positive correlations with respect to both hands (right panel) were spatially more restricted but confined to similar regions within isthmus and posterior midbody (P ¼ 0.0089).
RESULTS
As shown in
In contrast, significant positive correlations with respect to the non-dominant hand (middle panel) were not detected. Even so, as shown in Figure 1 (bottom panel), correlation profiles (r-maps) for the dominant hand, nondominant hand, and both hands looked strikingly similar. Effect sizes were small (r < 0.3); there were no medium to large effects. Correlations were almost exclusively positive, with the exception of the rostrum, which showed negative correlation (albeit below the threshold for relevant effect sizes). Finally, no significant interactions were detected with respect to Age and Sex (maps not shown).
DISCUSSION
Positive Associations Between Hand Motor Performance and Callosal Size
We found significant positive correlations between hand motor performance and callosal thickness in right-handed children and adolescents. A thicker corpus callosum might imply more axons, thicker axons, greater myelination, or a combination of these [Aboitiz et al., 1992] . A greater number r Callosal Correlates of Hand Performance r r 3 r of axons may indicate a better anatomical connectivity between the hemispheres, but thicker axons as well as a greater degree of myelination might be associated with higher velocities of signal conduction. Thus, regardless of the exact micro-anatomical nature, positive correlations between callosal thickness and task performance seem plausible. However, it is interesting that the most pronounced effects occurred with respect to the right (dominant) hand only. Correlations between bimanual performance and callosal thickness showed a less pronounced and widespread significance, while performance with the left (nondominant) hand showed no detectable correlations with callosal thickness at all. Altogether, this implicates a strong (and perhaps exclusive) effect of the dominant hemisphere on interhemispheric information transfer in motor tasks.
Strong Effects Within Callosal Regions Relaying Motor Information
The observed positive correlations were located within the isthmus and posterior midbody of the corpus callosum (slightly extending into the anterior midbody). This regional specificity of correlations between callosal structure and motor function agrees well with effects of handedness located within isthmus and posterior/anterior midbody when comparing groups of consistent and nonconsistent right handers [Witelson, 1989] or when mapping correlations between callosal thickness and the degree of handedness lateralization [Luders et al., 2010a] . These prior observations were either based on autopsy material [Witelson, 1989] or traditional MRI data [Luders et al., 2010a ] but seem to indicate, at least, some degree of motor relevance in these regions. However, more direct evidence of sensory/ (pre)motor fibers traveling through the isthmus, posterior, and anterior midbody comes from DTI studies mapping the course of fibers originating from primary sensory and motor cortices [Hofer and Frahm, 2006; Zarei et al., 2006] . As demonstrated in Figure 2 , there is a striking spatial correspondence between callosal regions housing motor fibers [Hofer and Frahm, 2006] and areas showing strong positive correlations with hand performance (in this study). Finally, the assumption that motor fibers travel through the isthmus and posterior midbody is further supported by previous TMS studies ]. As noted earlier, when applying TMS to the motor cortices in patients with circumscribed lesions in posterior and mid callosal regions, the decrease of EMG activity in the motor cortex of the ipsilateral hand (as observed in healthy controls) was missing.
Possible Effects of Interhemispheric Inhibition
The observed location and positive correlation between task performance and callosal thickness implies that interhemispheric connectivity between primary motor regions affects task performance. Effects of interhemispheric inhibition between motor areas have been previously reported. For example, it was shown that a conditioning stimulus via TMS in one hemisphere reduced the effect of a TMS impulse in the other hemisphere [Ferbert et al., 1992; Netz et al., 1995] . The same effect was observed when subjects applied low grip force with one hand. This low grip force consequently reduced the effects of a TMS impulse on the ipsilateral hemisphere as measured on the contralateral hand [Liepert et al., 2001] . Similar effects were also observed using functional MRI (fMRI), where motor performance of one hand led to increased activity in the motor cortex of the contralateral hemisphere, but to a decrease in the ipsilateral hemisphere [Newton et al., 2005] . In line with these prior findings and the results of the current study, interhemispheric inhibition may facilitate fast and complex unilateral motions Newton et al., 2005] .
The interpretation of interhemispheric inhibition as a functional correlate of our present findings is further supported by studies revealing that interhemispheric inhibition primarily occurs as an effect of the dominant hemisphere on the nondominant one [Ghacibeh et al., 2007; Newton et al., 2005; Vines et al., 2008] . For example, an fMRI study [Newton et al., 2005 ] measured cortical activity during finger tapping in right handers and revealed activity decreases of the ipsilateral motor cortex. These deactivations, however, were more pronounced in the right hemisphere (i.e., when subjects used their dominant hand). Another study of right handers used transcranial direct current stimulation (tDCS) and modulated excitation and inhibition of the motor cortex to focus on differences in interhemispheric inhibition between dominant and nondominant hemispheres [Vines et al., 2008] . This study showed that the excitation of the dominant motor cortex induced higher performance in the contralateral hand (and lower performance in the ipsilateral hand). Inhibition of the dominant motor cortex had the opposite effect. In contrast, excitation and inhibition of the non-dominant motor cortex only showed the respective effects on the contralateral hand, but not on the ipsilateral hand. This depicts an asymmetry in interhemispheric inhibition, with less influence of the non-dominant hemisphere on the dominant one. The present results, with strongest correlation between callosal thickness and dominant hand performance, less correlation using both hands and no correlation between callosal thickness and nondominant hand performance, closely match these observations by Vines et al. [2008] .
Effects of Age and Sex
Motor abilities develop during childhood and adolescence [Connolly and Stratton, 1968; Heinen et al., 1998; Muller et al., 1997] , where girls are known to acquire a range of motor skills earlier than boys [Connolly and Stratton, 1968] . Moreover, the corpus callosum continues to mature during childhood and adolescence [Ghacibeh et al., 2007; Heinen et al., 1998; Muller et al., 1997] with different [Hofer and Frahm, 2006] [Luders et al., 2010b] . Thus, our study also addressed possible effects of age and sex. Older subjects performed better than younger ones, and girls performed better than boys, consistent with prior findings regarding motor development and sex differences [Connolly and Stratton, 1968; Heinen et al., 1998; Muller et al., 1997] . However, we did not find a significant interaction with respect to age and sex when examining correlations between motor performance and callosal size. Interestingly, a previous study [Luders et al., 2010b] reported significant correlations between age and callosal thickness in the posterior midbody and isthmus of the corpus callosum with constant growth of these regions between the age of 9 and 18 (at least, in girls). Such evidence of increasing thickness of the callosal isthmus during late childhood was also obtained using a tensor-based longitudinal mapping approach [Thompson et al., 2000] . We did not observe an interaction with age, so the detected relationship between local callosal thickness and task performance may exist early on. Thus, interhemispheric inhibition may not necessarily be an effect of callosal maturation in late childhood.
SUMMARY AND OUTLOOK
In a large sample of 170 children, we observed positive correlations between motor performance of the dominant hand and callosal thickness in an area that was reported to relay information between the primary motor cortices. This correlation was less pronounced using both hands and completely absent using the nondominant hand. Our findings are likely to constitute a key neural correlate of interhemispheric inhibition, a phenomenon discussed as necessary for fast and complex unilateral motions ] and known to be biased towards the dominant hand [Newton et al., 2005; Vines et al., 2008] . Clearly, these results require replication, optimally in an extended study comprising not just right-handed but also lefthanded and ambidextrous subjects. This would illuminate possible effects of handedness, as the current conclusions might not necessarily apply to nonright-handed populations. Furthermore it may be useful to extend the age range to even younger cohorts as well as to analyze DTI data (perhaps in addition to traditional structural MRI data). This will help to establish if interhemipsheric inhibition already occurs below the age of 6 years, and if interhemispheric inhibition is mediated by sprouting or maturation of axons in early childhood.
There were no significant differences between children and teenagers (and none between boys and girls, either) with respect to intelligence measures (FS-IQ, P-IQ, and V-IQ). However, there were significant differences with respect to hand performance measures with children performing more poorly than teenagers (Table I ) and boys performing more poorly than girls (Table II) . 
